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Abstract: We present a comprehensive model for predicting the full per-
formance of a second harmonic generation-optical parametric amplification
system that aims at enhancing the temporal contrast of laser pulses. The
model simultaneously takes into account all the main parameters at play in
the system such as the group velocity mismatch, the beam divergence, the
spectral content, the pump depletion, and the length of the nonlinear crys-
tals. We monitor the influence of the initial parameters of the input pulse and
the interdependence of the two related non-linear processes on the perfor-
mance of the system and show its optimum configuration. The influence of
the initial beam divergence on the spectral and the temporal characteristics
of the generated pulse is discussed. In addition, we show that using a crystal
slightly longer than the optimum length and introducing small delay between
the seed and the pump ensures maximum efficiency and compensates for the
spectral shift in the optical parametric amplification stage in case of chirped
input pulse. As an example, calculations for bandwidth transform limited
and chirped pulses of sub-picosecond duration in beta barium borate crystal
are presented.
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License. Further distribution of this work must maintain attribution to the author(s) and the
published article’s title, journal citation, and DOI.
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1. Introduction
The development of chirp pulse amplification (CPA)techniques [1] has enabled exciting and
rapidly developing investigations of laser-matter interactions at relativistic intensities. In order
to ensure a clean interaction of the high intensity peak of the laser pulse with the target, it is
necessary to avoid deformation or heating induced by lower-intensity pedestals or pre-pulses.
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For instance, a non-ideal laser contrast dramatically affects laser-driven ion acceleration, im-
posing stringent limits on the thickness of the target [2]. Thus, generating laser pulses that
are devoid of any pre-pulses or pedestal is one of the key elements in the development of the
ultra-high-intensity laser systems .
The temporal contrast of high intensity lasers has been enhanced using many techniques,
such as cross polarized wave generation technique (XPW) [3], nonlinear ellipse rotation [4, 5],
saturable absorber [6], double chirped pulse amplification [7] and optical parametric amplifi-
cation (OPA) [8]. Furthermore, plasma mirror techniques [9, 10] can be used after the main
compressor to enhance the contrast by four orders of magnitude using two plasma mirrors, al-
beit at the cost of reducing the laser energy. OPA has advantages over the other pulse cleaning
techniques since it is a second order nonlinear process which does not require high pulse in-
tensities, and therefore effectively minimizing the high order effects. Furthermore, OPAs have
many attractive features such as broad amplification bandwidth, high gain and no amplified
spontaneous amplification accumulation.
In particular, different configurations [8, 11, 12] have been proposed in order to enhance
the temporal contrast of laser pulses in the infrared range employing OPA. Short pulse low
gain OPA is one of the simplest and efficient techniques which can work at the front end of
high-power laser systems. It relies on the fact that the gain in the OPA occurs only during
the pump pulse duration. Thus, using short pump pulse, can ensure that the pump will match
only the main pulse of the seed without amplifying anything outside it. This will lead to the
generation of an idler pulse of extremely high contrast, since it is generated only during the
optical parametric interaction [8].
Short-pulse and low gain OPAs, as temporal contrast enhancement systems, have received a
significant degree of interest, because, besides the efficient contrast enhancement ability, they
can be integrated into an existing high power laser system without imposing major changes to
the system [8]. However, in short pulse low gain regime, small difference in the used crystal
thickness or/and slight different system configuration can result in generation of degraded pulse
or simply limiting the unit efficiency, as will be shown later. Thus, careful characterization and
optimization of the unit is of a particular importance in order to seed a high power laser system.
In its simplest configuration, we will consider here a system, similar to that in [8], comprising
a second harmonic generation (SHG) stage and an OPA stage. The input beam is split into two
parts, the large part is frequency doubled to generated the pump pulse and the seed of the OPA
will be the smaller part of the input beam, as shown in Fig. 1. The idler pulse is considered as
the useful output of the system due to the high contrast of this pulse.
Although the SHG and the OPA processes, individually, have been extensively studied over
the years, a comprehensive detailed study that simultaneously considering all the main param-
eters at play and investigating how the first process influences the second in a system which is
driven by a single source, has not yet been carried out according to our knowledge. In such a
system, the seed energy is determined only by the splitting ratio of the beam splitter, as shown
in Fig. 1, while the efficiency of the SHG process is another factor that determines the pump
energy. Therefore, since the OPA works in low gain regime, the SHG efficiency has a significant
impact on the OPA, in terms of saturation effects. Furthermore, the duration and the temporal
shape of the pump pulse, which are set in the SHG stage, define the shape of the idler pulse
and set the time window of the gain and the superfluorescence in the OPA process. At optimum
performance of the SHG, the resulting pulse, which will pump the following OPA, could be
shorter than the input pulse due to the quadratic dependence of the frequency conversion pro-
cess. This initial parameter makes the OPA work in an environment that is different than that of
the traditional OPAs which are pumped by pulses which are longer or equal to the seed pulse
duration. Accordingly, characterizing the two related nonlinear processes in linked mode is of
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Fig. 1. A layout of a SHG-OPA based temporal contrast enhancement system, BS: beam
splitter, DM: dielectric mirror, BD: beam damper and DL: delay line.
particular importance.
The effect of beam divergence on the nonlinear interaction has been studied by many authors
since the invention of the laser. Early studies [13, 14], focused on low conversion efficiency
where the effect could be investigated analytically [15]. S. K. Wong, et al [15] studied the effect
of beam divergence on the frequency conversion efficiency for laser intensity up to 2 GW/cm2.
In their work they assumed constant field amplitude in the temporal domain and the group ve-
locity mismatch was not taken into account, while, as will be shown later, the influence of beam
divergence is different for different pulse durations. The study was extended by I.Jovanovic, et
al [16] to predict the performance of OPAs, of pump intensity up to 1 GW/cm2, taking into
account the beam quality and assuming long pulse duration where the group velocity mismatch
can be ignored.
On the other hand, the effect of group velocity mismatch (GVM) on the SHG conversion ef-
ficiency and the temporal profile of laser pulses was reported by many authors, for example in
[17, 18]. However, they considered the laser beam as a plane wave, where all the beam parts sat-
isfy perfect phase matching. A numerical study has been carried out by A. Dementev, et al [19]
to simulate the performance of short pulse OPA taking into account group velocity mismatch,
diffraction and other parameters. However, in their study the pump pulse duration was consid-
ered much longer than that of the seed. Several other works [20, 21] have included diffraction,
the GVM and dispersion effects in the calculations to simulate the nonlinear frequency conver-
sion processes. A numerical study for simulating SHG-OPA based temporal contrast cleaner
has been done by Y. Wang [22] for 1 ps input pulse. The simulation is for type II SHG and
OPA, assuming plane-wave approximation. The divergence of the beam, the spectral content
and chirp rate of the input pulse were not considered in their simulation.
In this work we present a comprehensive simulation of a SHG-OPA temporal cleaning unit
that predicts the performance of the unit for any initial conditions within the range of pulse
duration and input intensity where the phase modulations and the high order dispersion can be
ignored. The model simultaneously takes into account the temporal walk-off of the interacting
fields due to the GVM, the effects of the divergence of the beams and the resulting reconversion
processes, the spectral content of the pulses, the pump depletion, and the length of the nonlinear
crystal, which are the most effective parameters in this regime. Considering these parameters
simultaneously shows their interdependence and sets an effective range for each of them. We
show results for a system driven by a single input pulse, to be temporally cleaned. Equally
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important, we explore the influence of these parameters on the interdependence of the related
non-linear processes in the system. We show how the effect of the beam divergence depends
on the input pulse duration and how this source of phase mismatch can influence the temporal
and the spectral profiles of the resulting pulses. Also, we present a detailed investigation on the
effect of the pulse chirp and the spectral content of the input pulse on the performance of the
system. By considering all these effects, we present an optimum configuration for the system in
order to generate a pulse with temporal, spectral and spatial characteristics that are suitable for
seeding a high power laser system. We include results for transform limited (TL) pulses, which
are generated from ideal systems, and for non-transform limited (non-TL) pulses which can be
a result of imperfect pulse compression in the generating system.
In this paper, the most relevant theoretical concepts and the assumptions of the model are
listed in section II. The two parts of section III are devoted to the results of the model and the
discussion of the SHG and the OPA stages respectively. Finally, the conclusions of the work
are drawn in section IV.
2. Numerical Simulations
When a light wave at the fundamental frequency (FF) enters a non-linear medium, the complex
amplitudes of the FF and the SH can be estimated by solving a system of coupled differential
equations which, in the slowly varying amplitude approximation, can be given by: [17]:
∂A1
∂ z
+
1
vg1
∂A1
∂ t
=−i2ωde f f
n1c
A∗1A2 exp(−i∆kz) (1a)
∂A2
∂ z
+
1
vg2
∂A2
∂ t
=−i2ωde f f
n2c
A21 exp(i∆kz) (1b)
Where A j,n j and vg j, j = 1,2 are the field amplitude, the refractive index, and the group veloc-
ity at the FF and the SH frequencies respectively, ω the fundamental angular frequency, de f f
is the effective nonlinear coefficient, ∆k is the phase mismatch, z is the propagation distance of
the waves along the crystal and c is the speed of light.
When the input pulse duration is longer than 100 fs, the second and higher order dispersions
can be neglected, where the dispersion length (LD) of the pulse in this case is much longer than
the used crystals. Also, within the intensity level of the working environment of the low gain
temporal contrast enhancement system, the self and the cross phase modulations are not related.
LD =
T 2o
|B2| (2)
Where, To = T/2
√
ln2, T is the pulse duration at the full width half maximum (FWHM) and
B2 is the group velocity dispersion (GVD) parameter.
By transforming the time frame of Eqs. 1(a) and 1(b) to the frame of an observer moving
with the higher frequency pulse τ = t− z/vg2, we obtain [23]:
∂A1
∂ z
+(
1
vg1
− 1
vg2
)
∂A1
∂τ
=−i2ωde f f
n1c
A∗1A2 exp(−i∆kz) (3a)
∂A2
∂ z
=−i2ωde f f
n2c
A21 exp(i∆kz) (3b)
In order to introduce the divergence of the beam into the solution, we apply the assumption
of S. K. Wong, et al [15] by considering the beam as a summation of many plane waves that
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travel at slightly different angles with respect to the propagation direction. The central plane-
wave component enters the crystal at the phase matching angle while the others have small
deviation angles. The distribution function of the divergent components and the corresponding
wave vector mismatch can be found in the same reference. In this case, the FF and the SH fields
amplitudes can be estimated from:
∂A1 j
∂ z
+(
1
vg1
− 1
vg2
)
∂A1 j
∂τ
=
N
∑
k=1
−i2ωde f f
n1c
A∗1kA2k j exp(−i∆kk jz) (4a)
j = 1,2,3, .....N
∂A2k j
∂ z
=−i2ωde f f
n2c
A1kA1 j exp(i∆kk jz) (4b)
j,k = 1,2,3, .....N
The field amplitude of any of the interacting fields is given by:
A =
[
N
∑
j=1
A jA∗j
]1/2
(5)
Similarly for OPA:
∂As j
∂ z
+(
1
vgs
− 1
vgp
)
∂As j
∂τ
=
N
∑
k=1
−iωsde f f
nsc
A∗ik jApk exp(−i∆kk jz) (6a)
j = 1,2,3, .....N
∂Aik j
∂ z
+(
1
vgi
− 1
vgp
)
∂Aik j
∂τ
=−iωide f f
nic
A∗s jApk exp(−i∆kk jz) (6b)
j,k = 1,2,3, .....N
∂Ap j
∂ z
+
∂Ap j
∂τ
=
N
∑
k=1
−iωpde f f
npc
AskAik j exp(i∆kk jz) (6c)
j = 1,2,3, .....N
where, s, i and p denote seed, idler and pump respectively.
It is worth to note that the Kerr-like nonlinearity [24] is not likely to change the characteristics
of the pulse in the range of the study. In fact, the phase mismatch due to the beam divergence is
not large enough to give rise to a sufficient number cycles of up and down conversion processes
within the pulse splitting length that can influence the phase of the generated pulses.
The coupled equations are solved numerically when the group velocity and the phase match-
ing structures are considered, e.g. for a crystal of thickness comparable to or longer than the
pulse splitting length Ls, which is the minimum distance after which the pulses walk away from
each other [25]
Ls =
∣∣∣∣ 1vg1 − 1vg2
∣∣∣∣−1 T (7)
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In case of OPA, GVM is the difference between the group velocity of the pump and the projec-
tion of the signal group velocity on the pump direction , vg1 cosΩ, where Ω is the non-collinear
angle.
We use the quadratic spectral broadening f to represent the chirp rate of the pulse. f equals
zero for TL pulses and is positive for chirped pulses. For a Gaussian pulse f can be defined by
[18]:
T =
4ln2
∆ω
(1+(4 f )2)1/2 (8)
Where, ∆ω is the angular frequency bandwidth of the pulse at the FWHM.
Pump depletion, GVM and beam divergence will all affect the spatial profiles of the inter-
acting beams as they propagate along the crystal. Thus, in order to monitor the beam quality as
the beam propagates into the crystal, the quality factor M2 can be calculated from [26]
M2(t) =
{∫ ∞
0
∣∣∣ ∂E∂ r ∣∣∣2 rdr ∫ ∞0 |E|2 r3dr− 14 ∣∣∣∫ ∞0 r2 [ ∂E∂ r E∗− ∂E∗∂ r E]dr∣∣∣2}1/2∫ ∞
0 |E|2 rdr
(9)
Where E is the normalized transverse electric field amplitude distribution, and r is the transverse
dimension.
The quality factor of the entire pulse is, then, the power-weighted time average quality pa-
rameter [26]. 〈
M2
〉
=
∫ ∞
−∞M
2(t)P(t)dt∫ ∞
−∞P(t)dt
(10)
We solved the nonlinear coupled equations numerically using the fourth-order Range-Kutta
method [27]. The input beam is considered as a perfect Gaussian beam in the temporal and
the spatial domains. The simulation code consists of three parts: in the first part the optical
properties of the crystal and the distribution of the input pulse in time and space are calculated
along with the angular distribution of the divergent components. The second part is devoted to
the numerical integrations of the coupled equations. Finally, the energies and the intensities of
the interacting pulses, the conversion efficiency of the process and full characterization of the
resulting pulses in time, space, and spectral domains are found in the third part. After every
step of the integration, at every slice of the crystal, the temporal shapes of the interacting fields
are determined and then fed to the next integration step.
The accuracy of the numerical solution is determined, first, by checking the deviation of the
solution when changing the integration step size and the number of the plane-wave components,
second, by verifying the total energy conversion efficiency of the interacting pulses along the
crystal. Finally, the accuracy of the whole simulation is verified by comparing the results of the
simulation with the known solutions in cases of long pulse duration, monochromatic wave and
plane-wave approximations.
The simulation code is applicable to a wide range of parameters of the input laser pulse,
provided that phase modulations and GVD can be neglected. In terms of dispersion, this is a
reasonable approximation if the dispersion length of the pulse (see Eq. 2) is much longer than
the thickness of the crystals. For typical crystal thicknesses of the order of a few millimetres,
this translates to a pulse duration exceeding 100 fs [23]. Throughout the rest of the manuscript
we will refer to ”long pulse duration” to describe pulses for which the splitting length (see Eq.
7) is much longer than the length of the crystal, whereas we will use the expression ”short pulse
duration” for pulses whose splitting length is comparable to, or shorter than, the length of the
crystal.
In addition, since the nonlinear refractive index of BBO crystal is of the order of 10−16
cm2/W, the maximum difference in refractive index at the peak of a 10 GW/cm2 pulse due
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to Kerr-effect is of the order of 10−6 at the beam axis. This obviously indicates that, within
a crystal of length of the order of a few millimetres, the nonlinear Kerr-effect in the intensity
range of interest is negligible.
3. Results
According to our initial assumption, we will focus our attention here on pulses of sub-
picosecond duration, but longer than 100 fs, and of intensity in the range 1-10 GW/cm2 in
Beta Barium Borate (BBO) crystals (de f f = 2.2 pm/V) of different thicknesses. The input beam
spectrum is considered to be Gaussian of central wavelength 1053 nm. The calculations include
results of TL and linearly chirped pulses. Since, in practice, the crystal length is not a parameter
that can be easily fine tuned to give optimum result, we show results of the nonlinear interac-
tions for distances that extend beyond the optimum crystal length. Most of the results are for
500 fs pulses of spectral bandwidth ∆λ ≈ 3.26, 3.5, 4.2 and 6.2 nm corresponding to values of
the quadratic spectral broadening of f = 0, 0.1, 0.2, and 0.4 respectively.
3.1. Second Harmonic Generation
3.1.1. The effect of beam divergence on the conversion efficiency in short pulse regime
When a divergent beam of long pulse duration enters a nonlinear medium it experiences sequen-
tial up and down frequency conversion processes due to the phase mismatch of the paraxial parts
of the beam. Thus, the efficiency of the conversion process has an oscillatory behaviour with
frequency defined by the interplay of the beam divergence and the input intensity. High input
intensity or/and large beam divergence result in a high oscillation frequency [15]. However, in
the case of short pulses, the oscillation is damped due to the temporal walk-off of the inter-
acting pulses, which causes changes in the local overlapped-intensities as the pulses propagate
into the nonlinear medium, leading to a derailing in the sequence of the non-linear processes. It
is worth to mention here that, in terms of wave vector mismatch, the effect of convergent beam
is equivalent to that of a divergent beam with comparable opening angle. This is true as long
as the divergence/convergence of the beam does not significantly alter the beam size inside the
crystal.
In order to show the dependence of the effect of the beam divergence, or any source of phase
mismatching, on the duration of the input pulse, it is more convenient first to find a representa-
tion for the coherence length that takes into account pump depletion. For this purpose, we define
a characteristic length Lm(∆k, Iωo), which is, in long pulse duration regime, the crystal length
after which the SHG process changes its direction from up-conversion to down-conversion, i.e.
the length for the first efficiency maxima.
Lm =
1
4
[
−L2NL∆kK(γ)+LNL
√
16+L2NL∆k2K(γ)
]
(11)
Where, K(γ) is the complete elliptic integral of γ
γ =
−LNL∆k
4
+
√
1+
L2NL∆k2
16
2 (12)
LNL =
c
2ωde f f
√
2εon2ωn2ωc
Iω
(13)
In fact, Lm represents the interplay of the phase mismatch and pump depletion. Its depen-
dence on ∆k and the input intensity is shown in Fig. 2.
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Fig. 2. The dependence of Lm on the initial phase mismatch and the input intensity in BBO
crystal.
Accordingly, for short pulses, the effect of beam divergence, or any source of phase mis-
matching, on the conversion efficiency depends on the ratio between Ls and Lm. For pulses
of Ls that is shorter than Lm the divergence of the beam only limits the maximum achievable
efficiency and no oscillation can be seen in the nonlinear interaction. This happens because the
pulses walk away from each other before the beginning of the back conversion process. How-
ever, the down conversion process starts taking place and reduces the SHG intensity as the ratio
between the Ls and Lm increases.
Figures 3(a)–3(c) present three examples of the SHG conversion efficiency behaviour as a
function of the crystal length. The conversion efficiency is defined as the ratio of SHG intensity
to the intensity of the incident beam on the SHG crystal. Figure 3(a) shows the conversion
efficiency of pulses of similar divergence 1 mrad, intensity 5 GW/cm2 and bandwidth 5.44 nm
but having different durations, i.e. different Ls. The effect of the reconversion emerges when
the pulses can stay overlapped for longer distance. In this case, the increment of the maximum
achievable efficiency is due to the reduction of the influence of the temporal walk-off of the
interacting fields over the interaction length as the input pulse becomes longer. Figure 3(b)
illustrates the effect of shortening the coherence length, i.e. increasing the beam divergence, on
the conversion efficiency of TL pulses of the same duration and intensity. The significance of the
back-conversion process rises up as the divergence of the input beam increases. However, the
down-conversion process is terminated gradually as the pulses walk away from each other. The
curves in Fig. 3(c) are for TL pulses of the same duration and of the same beam divergence, but
with different input intensities. As shown, the same divergence of the input beam can result in
stronger reconversion process at high input intensity due to the shortening of depletion length.
This means, at high input intensity, the optimum crystal length is very critical.
In [28] D. Eimerl concluded that demagnifying a beam of a particular peak power does not
enhance the conversion efficiency, but only reduces the required crystal length for maximum
efficiency. However, for short pulses the pulse splitting length is an additional parameter that
should be considered, because telescoping a short pulse is an imperative in order to reach the
maximum conversion efficiency within the pulse splitting length. In this case, the increment
of the divergence due to demagnifying the beam has unavoidable effects on the conversion
efficiency.
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Fig. 3. SHG efficiency as a function of the crystal length of (a) pulses of 5 GW/cm2 in-
tensity, 1 mrad divergence, 5.44 nm bandwidth and of different durations, (b) TL pulses of
5 GW/cm2 intensity,500 fs duration, about 3.26 nm bandwidth and different beam diver-
gence angles, (c) TL pulses of 500 fs duration and 1 mrad beam divergence, about 3.26 nm
bandwidth and different input intensities.
3.1.2. The influence of the chirp rate of the input pulse on the conversion efficiency
The spectral content of the input pulse is another inherent source of phase mismatch that con-
trols the efficiency of the frequency conversion process of short pulses. Figure 4(a) shows the
SHG conversion efficiency as a function of the crystal length for pulses of the same duration
and input intensity but having different spectral bandwidths. A broader spectral bandwidth of
the input pulse implies that the amount of the pulse energy that deviates from the perfect phase
matching increases, limiting the maximum achievable efficiency and causing the down conver-
sion process to take place. As an effect, there is a similar dependence on the duration and on
the intensity of the input pulse as for the beam divergence.
On the other hand, for a particular laser system that generates pulses of given energy and
bandwidth, broadening of the pulse duration, arising due to imperfect compression or any other
reason, increases the crystal length required for the maximum conversion efficiency, as shown
in Fig. 4(b). In addition, for longer input pulses the optimum crystal length is more critical,
because broadening of the pulse provides sufficient length for the back conversion process to
take place.
3.1.3. The influence of the spectral content of the input pulse on the temporal profile of the SHG pulse
As to what concerns the temporal duration, the bandwidth of the input pulse determines also the
duration and the temporal shape of the resulting SHG pulse. At the same input pulse duration,
a shorter SH pulse can be obtained from an input pulse of broader bandwidth. This is because,
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Fig. 4. SHG efficiency as a function of the crystal length of (a) pulses with 500 fs duration,
5 GW/cm2 intensity and different bandwidths, (b) pulses of 5 nm spectral bandwidth and
different chirp rates, f values correspond to T = 326, 418, 615 and 850 fs respectively, the
input beam having energy 170 µJ and 2.8 mm diameter, .
for chirped pulses, the spectral components that are at the leading front and the tail of the
pulse, i.e. at the wings of the spectrum, undergo low conversion efficiency due to the deviation
of these components from the perfect phase matching. Damping these components leads to
shortening the resulting SHG pulse. The variation of the duration of the SHG pulse along the
crystal is plotted in Fig. 5. The pulses in the figure are generated from 500 fs input pulses, all
with intensity 5 GW/cm2 but having different bandwidths.
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Fig. 5. The variation of the duration of the SHG pulses that are generated from input pulses
of different spectral bandwidths all of 500 fs duration and intensity 5 GW/cm2 as a function
of the crystal length.
As shown, over the first slice of the crystal progressive broadening in the pulse duration is
taking place due to the GVM between the interacting pulses, after which, for non-TL pulses,
the back-conversion process starts competing with the broadening of the pulse. The influence of
the reconversion process in reducing the pulse duration becomes more pronounced for broader
bandwidth of the input pulse. In fact, this shortening in the generated pulse duration corresponds
to a broadening in the TL duration of the pulse due to the reduction in the spectral bandwidth.
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3.1.4. The impact of the input intensity on the pulse temporal profile
Another initial parameter that affects the temporal shape of the resulting SHG pulse is the
intensity of the input pulse. At high input intensity GVM causes more pulse broadening due
to the high energy exchange level. Figure 6(a) shows the broadening of SHG pulses that are
generated from TL pulses of different input intensities. The curve at high input intensity is
drawn up to a certain point in the crystal after which the SHG pulse start splitting into multiple
peaks due to the back conversion process, as shown in Fig. 6(b). The crystal length after which
the SHG pulse is modified depends on the interplay of the initial phase mismatch and the input
intensity.
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Fig. 6. a: SHG pulse duration as a function of the crystal length at different pump intensities,
input pulse duration is 500 fs, b: temporal profiles of SHG pulse that is resulting from 500
fs pulse of 10 GW/cm2 intensity at different places along the crystal .
3.1.5. The dependence of the spectral and the temporal profiles of the SHG pulse on the beam divergence
Although the divergence of the input beam weakens the overall conversion efficiency, it helps
preserving the bandwidth of the generated SH pulse for distances longer than the optimum
length of the crystal. Figures 7(a)–7(c) show spectra of SHG pulses which are generated from
plane-wave and divergent beams at two thicknesses of the crystal and for two levels of the input
intensity. The reason of this relationship between the beam divergence and the bandwidth of
the SHG pulse can be explained by examining the configuration of the nonlinear interaction
of divergent beams and the dependence function of the conversion efficiency on the phase
mismatch angle, as done in the following.
As shown in Fig. 8(a), a monochromatic divergent beam is considered as a summation of
plane-wave components that distribute around the beam axis with slightly different propaga-
tion angles ∓θd . The central component is supposed to enter the crystal at the perfect phase
matching angle θm with the crystal optical axis. In this case, θd is the deviation angle of each
plane-wave component, which will, in combination with another FF plane-wave component,
result in producing a SH plane-wave component that is deviated from the perfect phase match-
ing direction. This results in a reduction of the conversion efficiency of the particular plane-
wave component and consequently the overall efficiency. On the other hand, for a beam of a
finite bandwidth, the phase matching angle is calculated only for the central wavelength. Thus,
when the incident beam is assumed to be a plane wave, or to have a very small divergence, the
non-central spectral components will have phase mismatch angles θλ , Fig. 8(b), that result in
degrading the conversion efficiency of these components.
In the plane-wave approximation, the phase matching tuning curve is a function of the wave
#256043 Received 18 Dec 2015; revised 12 Feb 2016; accepted 13 Feb 2016; published 1 Mar 2016 
© 2016 OSA 7 Mar 2016 | Vol. 24, No. 5 | DOI:10.1364/OE.24.005212 | OPTICS EXPRESS 5223 
  
 
 
 
 
 
 
 
 
  
 
 
0
0.2
0.4
0.6
0.8
1
523 525 527 529
N
o
rm
al
iz
ed
 I
n
te
n
si
ty
 
Wavelength (nm) 
θ=0 
θ=2 mrad 
θ=4 mrad 
θ=10 mrad 
0
0.2
0.4
0.6
0.8
1
523 525 527 529
N
o
rm
al
iz
ed
 I
n
te
n
si
ty
 
Wavelength (nm) 
θ=0 
θ=2 mrad 
θ=4 mrad 
θ=10 mrad 
2 mm BBO 
5 GW/cm2 
3 mm BBO 
5 GW/cm2 
0
0.2
0.4
0.6
0.8
1
523 525 527 529
N
o
rm
al
iz
ed
 I
n
te
n
si
ty
 
Wavelength (nm) 
θ=0 
θ=2 mrad 
θ=4 mrad 
θ=10 mrad 
2 mm BBO 
10 GW/cm2 
(a) (b) 
(c) 
0
20
40
60
80
0 1 2 3
SH
G
 e
ff
ic
ie
n
cy
 (
%
) 
Crystal Length (mm) 
I=5  GW/cm^2,   θ=10 mrad 
I=10 GW/cm^2,  θ=10 mrad 
I=10 GW/cm^2,  θ=1  mrad 
(d) 
Fig. 7. (a)–(c) Spectra of SHG pulse which are generated from pulses of 500 fs and 6.2
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pump intensity 5 GW/cm2 in 3 mm crystal and (c) pump intensity 10 GW/cm2 in 2 mm
crystal; (d) SHG conversion efficiency of 500 fs pulses having 6.2 nm bandwidth along 3
mm BBO. The curve for the smaller beam divergence is presented for comparison.
vector mismatch and the crystal length, as shown in Fig 8(c), which has FWHM and wings
structure that depend on the input intensity [29]. In the case, where the central spectral compo-
nent enters the crystal at the perfect phase matching angle, ∆k is a function of θλ . Accordingly,
the conversion efficiency of each spectral component can be represented by a point on the tun-
ing curve in Fig 8(c), where the efficiency of the central wavelength is at the peak of the curve
and that of the other spectral components distribute around the peak.
When the beam has a non-negligible divergence, the deviation angle of each plane-wave
component for each spectral mode will be redefined as the angle between the propagation di-
rection of the plane-wave and the phase matching direction of the particular spectral mode, θc
in Fig. 8(b). For the central spectral component, where Z-axis is the phase matching direction,
the plane-wave components on both sides of the phase matching direction will lead to reduce
the conversion efficiency of this spectral component, because it is at the peak of the tuning
curve, point I in Fig. 8(c), and the curve is symmetric at this point. For the non-central spectral
components, where the phase matching directions are already off the Z-axis, e.g. the component
Zλ , the plane-wave components which are above the Z-axis will help reducing the phase mis-
matching angles, while those under the Z-axis will do the opposite. Although the plane waves
distribute symmetrically around the Z-axis, their influence on the conversion efficiency is not
the same for the non-central spectral components, e.g. points II and III in Fig. 8(c). This is be-
cause the tuning curve at these regions is not symmetric, i.e. the enhancement of the efficiency
toward the peak of the curve can be larger than the degradation in the other direction. Generally,
the amount of the enhancement or the degradation of the conversion efficiency of a particular
spectral component due to the beam divergence depends on the position of this component on
the tuning curve. Consequently, this leads to change the shape of the spectral acceptance func-
tion of the crystal, resulting in producing SH pulses of different bandwidths from beams that
have the same input bandwidth but have different divergence angles. Figures 9(a)–9(d) present
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examples for the spectral acceptance function at two levels of the input intensity and for two
thicknesses of the non-linear crystal for 500 fs input pulse.
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beam and a beam of finite bandwidth respectively, (c): the phase matching tuning curve of
the SHG.
This function, besides the dependence on the divergence of the beam and the crystal prop-
erties, it depends on the input intensity and changes with the crystal length, as shown in Figs.
9(a)–9(d). On the other hand, increasing the beam divergence above an optimum value, which
is defined by the input pulse characteristics, will not lead to an enhancement in the bandwidth
of the SHG. This can be seen clearly in Figs. 7(a)–7(c), where there is no spectral difference
between the SHG pulses which are generated from beams of 4 mrad and 10 mrad divergence,
where 4 mrad is the optimum beam divergence for that input bandwidth.
Moreover, it is clear from comparing Figs 7(a) and 7(c) that increasing the input intensity
from 5 to 10 GW/cm2 does not result in narrowing the SHG bandwidth in the case when θ=10
mrad, as it does for smaller divergence angles, θ=0 and 2 mrad. This could be explained by
examining the frequency conversion process along the crystal for this particular case. When the
input beam has a large divergence angle, the oscillating behaviour in the frequency conversion
process along the crystal is damped significantly due to phase effects from the different plane-
wave components [15], as shown in Fig. 7(d). This termination-like effect in the energy transfer
between the interacting fields, results in fixing the SHG conversion efficiency at approximately
the same relatively low value even when the input intensity is doubled, as shown in 7(d). This
effect also means that the spectral narrowing process along the crystal, which happens due to
the nonlinear interaction, is terminated, i.e. the intensity and the spectrum of the SH pulse are
preserved along the rest of the crystal length. This means that, in case of input beam of large
divergence angle, the nonlinear interaction effectively happens only along a short distance into
the crystal.
The consequence of the bandwidth preservation, in case of chirped pulses, is that the SHG
pulse, that is generated from a divergent beam, continues being broadened due to the GVM as
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Fig. 9. The spectral acceptance function of the SHG process for 500 fs input pulse for (a) 5
Gw/cm2 pump intensities in 3 mm crystal, (b) 10 Gw/cm2 pump intensities in 3 mm crystal,
(c) 5 Gw/cm2 pump intensities in 2 mm crystal and (d) 10 Gw/cm2 pump intensities in 2
mm crystal.
the pulses propagate into the crystal, resulting in a longer SHG pulse, as shown in Fig. 10.
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Fig. 10. SHG pulse duration as a function of the crystal length, input pulses are of different
divergence all of 500 fs duration, 6.2 nm bandwidth and 5 GW/cm2 intensity.
3.2. Optical Parametric Amplification
OPA is a second order nonlinear process in which a high intensity pump beam amplifies a low
intensity seed having lower frequency. In addition an idler beam is generated at the frequency
that satisfies the energy conservation law. In a degenerate OPA the pump beam is at the second
harmonic frequency of the seed and the idler, which are at the fundamental harmonic.
The nonlinear interaction of pump, seed and idler at perfect phase matching in a nonlinear
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medium consists of cycles of sequential difference and sum frequency generation processes
[30]. After the pump is depleted in a difference frequency process, a sum frequency process
starts to create pump photons at the expense of the signal and the idler photons. For the same
input wavelength and in the same crystal, the conversion length, which is the crystal length over
which the pump is fully depleted, is a function of the total input intensity. At a constant pump
intensity, the conversion length is a function of the seed intensity.
However, in short pulse OPAs, GVM between the pump and the signal/ idler derails the
sequence of the difference and sum frequency processes by changing the local overlapped in-
tensities as the pulses propagate along the crystal. Besides limiting the system efficiency, the
interplay of the pump depletion and the GVM, can lead to significant modifications in the spa-
tial and temporal profiles of the resulting pulses. Accordingly, in low gain regime, for optimum
efficiency and optimum pulse characteristics, the thickness of the crystal should be carefully
selected to fit the optimum conversion length of the incident seed and pump pulses. For fine
optimization in a particular crystal, the seed energy can be tuned, or simply a small delay can
be introduced between the pump and the seed, as will be shown later.
The distortions on the temporal and the spatial profiles of the generated pulses are related
to the dependence of the non-linear process direction, up or down conversion, on the local
overlapped intensities, i.e. some parts of the signal and the idler pulses may be undergoing
amplification while other parts are having up-conversion interaction. In this case and under
strong pump depletion the temporal profiles of the signal and the idler can have asymmetric
modifications around the peaks of the pulses. In the same way the generated beams can suffer
spatial degradation, which is symmetric around the beam axis when the crystal is much shorter
than the spatial walk-off length of the pump.
When the pump and the seed are divergent beams, certain parts of the beams do not satisfy
the perfect phase matching condition. The effect of the dephasing is that the parametric pro-
cess is terminated before reaching the point of full pump depletion, resulting in a reduction of
the maximum conversion efficiency, after which the process starts again without reaching the
point of zero gain. The deviation of the processes from the perfect sequence increases as the
divergence of the beams increases. However, the results of the simulation show that in the short
pulse regime, where focusing the beams is not required, OPA efficiency is not as sensitive to
the beam divergence such as it is for the SHG process.
In the simulation of the OPA, we consider the output of 3 mm BBO in the SHG stage as
the pump of the OPA. The seed is considered, arbitrarily, as 6% of the input energy of the
system. The simulation allows to introduce pre-delay between the seed and the pump for the
fine optimization of the idler characteristics and the system efficiency. The calculations are for
TL and linearly chirped pulses. In case of non-TL pulses, the pump pulses were shorter than
the seed due to the reduction of the pulse duration in the SHG process.
3.2.1. Transform limited input pulse
Figure 11 shows an example of pump, signal and idler normalized energies behaviour, in non-
collinear degenerate OPA, as function of the crystal length, when the input pulse to the system is
TL of duration 500 fs and intensity 5 GW/cm2. In this case the seed and the pump are perfectly
synchronized in time and mixed at external angle 0.6o. As shown, for this level of the input
intensities, the point of full pump depletion is not applicable because of the GVM between the
pump and the signal/idler.
When this interaction is performed in practice, it is unlikely that a crystal of realistic thick-
ness will exactly fit the optimum conversion length, i.e. the thickness can not be tuned. Thus, a
crystal slightly shorter than the optimum length (eg. 2 mm in this case) can be used and an idler
pulse that is free from any degradation can be obtained, but this is done at the expense of the
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Fig. 11. Normalized energies of pump, signal and idler as functions of the crystal length,
total input intensity to the system is 5 GW/cm 2, the seed pulse duration is 500 fs, the pump
is 480 fs and the external non-collinear angle is 0.6o.
process efficiency. However, a degradation-free idler pulse can also be produced by fine tuning
the interacting pulses to fit a crystal of thickness slightly longer than the optimum length. This
can be done by introducing a small, suitable delay between the seed and the pump to obtain
the optimum conversion at the exit of the crystal, which can be done, in this case, by delaying
the seed. By using this technique, the spatial, temporal and spectral profiles of the idler can be
optimized and, equally important, the efficiency of the stage can be maximized up to a value
that can be even higher than that at perfect synchronization. In addition , when the input pulse
is non-TL, introducing delay is imperative for the idler frequency shift correction, as will be
discussed later.
In this case, where vgs > vgp, delaying the seed means that this will scan the pump pulse as
both pulses propagate into the crystal and then will gain more energy instead of walking away
from the pump after being perfectly matched at the crystal input and the same applies to the
idler. The other consequence of delaying the seed is that the effect of GVM in broadening the
signal and the idler pulses is reduced. Figure 12(a) presents the energy conversion efficiency of
the whole system, in the idler, for the two cases of perfect synchronization and when the seed is
delayed in order to make the conversion length fit 3 mm crystal. The variation of the generated
idler pulse duration along the crystal for both cases in Fig. 12(a) are shown in Fig. 12(b). The
total input energy and the pulse duration are the same as for Fig. 11.
For a particular TL input pulse the amount of the optimum delay is defined by two factors: (a)
the difference between the conversion length at perfect synchronization and the thickness of the
chosen crystal, (b) the difference between the seed and pump group velocities along the pump
propagation direction, which is, for a particular input pulse, a function of the non-collinear
angle (Ω), since the velocity difference in this case is (vgs cos(Ω)− vgp).
The enhancement of the intensity-transfer characteristics in OPAs by introducing suitable
delay between the seed and the pump has been studied in [22]. They concluded that, when the
group velocity mismatched SHG technique is used to generate a short pump pulse, the amount
of the required delay in the OPA stage almost does not depend on the seed intensity. However,
the case is different for low gain OPA, where the seed intensity is an effective parameter on the
conversion length of the OPA, i.e. in a particular crystal, changing the seed intensity effectively
changes the conversion length of the OPA process, consequently, changing the seed intensity
changes the required delay for optimization. In addition, when the input pulse is a non-TL
pulses, the spectral shift of the idler is another factor that defines the required delay in the OPA,
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Fig. 12. (a) The energy conversion efficiency of the system, idler energy to the total input
energy to the system, for TL pulse of 500 fs duration and 5 GW/cm2 intensity at the system
input when the seed and the pump are perfectly synchronized and when the seed is delayed,
(b) the variation of the idler pulse duration along the crystal in both cases.
as will be shown later.
On the other hand, achieving maximum idler intensity or energy is not the only parameter
that defines the optimum delay, but also the temporal, the spatial and the spectral profiles of the
idler should be considered. Using a thick crystal, for example 4 or 5 mm for the pulse under
study, produces an idler pulse that is deformed in the space, time and spectral domains. Figure
13 presents the deformation of the idler pulse in time and space when a 4 mm crystal is used in
the OPA stage. Figure 14 shows the M2 value of the generated idler beam along a 5 mm BBO
crystal.
Fig. 13. Idler pulse resulting from 4 mm crystal in time and space, the input pulse to the
system is TL of 500 fs duration and 5 GW/cm2 intensity.
Moreover, beyond the optimum crystal length the resulting idler pulse can have different
pulse duration across the beam, as shown in Fig. 15. This happens since the interplay of the
GVM and the process saturation affects the resulting pulse differently in space depending on
the local intensity.
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Fig. 14. M2 values as a function of the crystal length of idler resulting from 500 fs pulse
of 6 GW/cm2 intensity at the system input .
Fig. 15. Pulse duration across the beam as a function of the crystal length of idler resulting
from 500 fs pulse of 6 GW/cm2 intensity at the system input .
3.2.2. Non-transform limited input pulse
When the input pulse is a non-TL pulse, the maximum overall efficiency of the system is re-
duced because of the dependence of the two non-linear processes on the spectral content of the
input pulse. Figures 16(a) and 16(b) show examples of the overall energy conversion efficiency
of the system, in the idler, for pulses of three different spectral bandwidths but having the same
input intensity and pulse duration.
In addition, the bandwidth of the input pulse determines the duration of the generated idler
pulse through three effects. First, as mentioned earlier, the duration of the generated SH pulse
depends on the input pulse bandwidth, which will, then, define the gain window in the OPA
stage and then the idler duration. Second, the dependence of the SHG efficiency on the input
pulse bandwidth leads to producing different seed-pump intensity ratios for different band-
widths of the input pulse, which, thereafter, need different seed-pump delay in the OPA stage
in order to optimize the efficiency, which leads to generating of idler pulses having different
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pulse durations. Finally, even at fixed seed/pump intensity ratio and pulses durations, the opti-
mum delay in the OPA depends on the chirp rate of the the pulses, because of the dependence
of the conversion efficiency on the spectral content of the pulses. This leads to generating of
idler pulses having different durations from input pulses of the same initial duration but of
different bandwidths, as shown in Figs. 16(c) and 16(d) for the cases in Figs. 16(a) and 16(b)
respectively.
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Fig. 16. (a) and (b) The overall energy efficiency of the system for pulses of 500 fs duration
and 5 GW/cm2 intensity but of different spectral bandwidths in case of perfect synchro-
nization and when the seed is delayed respectively, (c) and (d) the duration of the resulting
idler along the crystal for the cases (a) and (b) respectively, the non-collinear angle is 0.6o.
The simulation shows that the required delay for simultaneously optimizing the conversion
efficiency and the idler characteristics is the delay that maximises the summation of the time
and the frequency integrations of the generated idler pulse.
In the range of interest, where the relatively narrow bandwidth of the pulse and the thick-
nesses of the crystals allow ignoring the dispersion effects in the crystal and the input intensity
is in the range where the self and the cross phase changes are negligible, the effect of the sign
of the pulse chirp on the conversion efficiency of the system cannot be noticed. This can be
understood by considering that negligible dispersion effects in the crystal and the minor phase
changes at this intensity level will not compress or broaden the interacting pulses. The conver-
sion efficiency is thus not affected by the sign of the chirp. However, for a broad bandwidth
or/and high input intensity, the sign and the order of the chirp can significantly affect the con-
version efficiency in addition to the spectral and the temporal effects. On the other hand, even
for narrow input bandwidth, the chirp sign is an important parameter in defining the direction
of the idler frequency shift, as will be discussed later.
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Fig. 17. The spectra of idler pulse which is produced from 500 fs pulse of 5 GW/cm2
intensity at 0.6o non-collinear angle when (a) the input pulse is TL, L is the crystal length
(b) the input pulse having 6.2 nm bandwidth.
3.2.3. The spectral profile of the generated idler
Working with a degenerate OPA, the bandwidth of the beam can be preserved throughout the
system, due to the broadband amplification ability of the OPA in this regime. When the input
pulse is TL, the generated idler pulse spectrally can be broader than the input pulse without any
frequency shift when a crystal of an optimum length is used. In addition, delaying the faster
pulse, for efficiency optimization, in a crystal that is slightly longer than the optimum thickness
does not cause any reduction in the spectrum of the resulting idler, but, on the contrary, slightly
enhances the idler bandwidth. Figure 17(a) shows two examples of the resulting idler spectra
when the pump and the seed are perfectly synchronized at the input of 2 mm crystal, and when
the seed is delayed to match the conversion length to a 3 mm crystal.
On the other hand, when the input pulse is chirped, the spectrum of the generated idler
is shifted from the input spectrum due to GVM between the signal/idler and the pump. The
shift direction depends on the chirp sign of the input pulse, blue shift when the input pulse is
negatively chirped and red shift for the positively chirped, as shown in Fig. 17(b). In low-gain
regime, the amount of the spectral shift depends on the initial chirp of the input pulse and the
saturation level of the process, which is dependent upon the seed/pump intensity ratio and the
crystal length.
The influence of GVM, in this case, can be eliminated by mixing the seed and the pump at an
angle at which vgs cos(Ω) = vgp. However, this leads to generated idler beam with large angular
dispersion, as will be discussed later. Another way for bringing back the spectrum of the idler
to match the input spectrum is delaying the seed pulse relative to the pump. The required delay
is defined by the GVM of the pulses in the OPA crystal, the chirp rate of the input pulse and the
difference between the conversion length of the OPA and the thickness of the crystal. According
to the numerical simulation, the required delay for optimizing the conversion efficiency in a
crystal that is a bit longer than the conversion length is equivalent to that which is required for
bringing the spectrum to the desired position. Thus, using a crystal that is slightly longer than
the conversion length and delay the faster pulse ensure optimum efficiency for the process and
eliminate the spectral shift in the idler at the same time.
3.2.4. The spatial profile of the generated idler
At optimum working conditions of the system, the idler beam radius is about 70-80% of the
input beam radius depending on the saturation level of the processes. On the other hand, in such
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a system, when type I phase matching is used, OPA needs to work in the non-collinear geometry
in order to separate the resulting idler beam from the signal, because the two beams have the
same wavelengths and polarization. Despite the advantages of the non-collinear interaction
geometry, such as the broadband amplification and group velocity matching, the resulting idler
beam from this configuration is angularly dispersed in the phase matching plane of the OPA.
Since the idler will be seeded to a high power laser system, the angular dispersion, and hence
the front tilt, will affect the performance of the system. For instance, the angular dispersion and
the accompanying front tilt lead to an enlargement of the focal spot and broadening of the pulse
duration [31]. Figure 18 shows the angular dispersion of the generated idler, assuming narrow
bandwidth, and the ratio of the intensity of a beam without angular dispersion to the detected
intensity in the focal plane, by a detector perpendicular to the propagation direction of the beam
as a function of the non-collinear angle.
Accordingly, since in the degenerate regime, the broadband amplification is already achiev-
able and the pulse bandwidth, in the range of the study, is narrow enough to be amplified without
optimizing the non-collinear angle, mixing the seed and the pump at small non-collinear angle
reduces the effect of idler angular dispersion down to a negligible value, where the spatial and
the temporal changes can be ignored. Otherwise, pulse-front tilted technique [32] or post am-
plification dispersion correction technique [33] should be used in order to compensate for the
angular dispersion of the idler beam.
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Fig. 18. The angular dispersion of the idler beam and the total intensity reduction in the
focal plane as a function of the non-collinear angle for idler beam having 5 nm bandwidth,
500 fs duration and 3 mm beam diameter, I, Io the intensities in the focus spot for beams
with and without angular respectively.
In addition, in the case where the considered spectral bandwidth is relatively small, the non-
collinear angle is small, and the OPA stage is working in the degenerate mode, the front-tilt
and the gain bandwidth are not likely to affect the results of the OPA in terms of conversion
efficiency. Moreover, the associated angular chirp is not large enough to cause a bandwidth
reduction across an idler beam of sub-picosecond pulse duration within the crystal which could
then result in a noticeable temporal broadening in the idler pulse. Accordingly, it is reasonable
to assume that in the range of the study the front–tilt is not likely to affect neither the conversion
efficiency nor the idler duration inside the crystal.
4. Conclusions
We have described a reliable model for characterizing and optimizing a second harmonic
generation-optical parametric amplification based temporal contrast enhancement system.
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The model assumes a common source for the second harmonic generation and the optical
parametric amplification and simultaneously takes into account the group velocity mismatch,
the beam divergence, the pump depletion, and the spectral content of the input pulse for
transform and non-transform limited pulses. Numerical solutions of the model predict the
performance of both the related nonlinear processes and give clear evidence of the dependence
of the system performance on the input pulse characterization and the system configuration.
The group velocity mismatch, the pump depletion, the crystal length, and the spectral content
of the input pulse are the most effective parameters that affect the performance of the optical
parametric stage. In addition, the beam divergence determines the efficiency, the temporal
and the spectral shapes of the resulting pulse in the second harmonic generation stage. A
criterion has been set to show the way in which the beam divergence affects the efficiency of
the second harmonic generation by defining a length that represents the coherence length at
pump depletion regime. The efficiency of the system and the idler characteristics is efficiently
optimized by using a crystal slightly longer than the conversion length and introducing small
delay between the seed and the pump. Using this way the spectral shift of the idler, in case
of non-transform limited input pulse, can be corrected simultaneously. The efficiency and the
temporal shape of the generated idler pulse depend on the spectral content of the input pulse
and on the seed-pump synchronization. The study provides a comprehensive understanding
for the temporal contrast enhancement unit and enables implementing the enhancement in a
way that ensures generating a high contrast and high quality seed for a high power laser system.
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